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We have studied the spin rotation coupling(SRC) as an ingredient to explain different spin related
issues. This special kind of coupling can play the role of a Dresselhaus like coupling in certain condi-
tions. Consequently, one can control the spin splitting, induced by the Dresselhaus like term, which
is unusual in semiconductor heterostucture. Within this framework, we also study the renormaliza-
tion of the spin dependent electric field and spin current due to the ~k.~p perturbation, by taking into
account the interband mixing in the rotating system. In this paper we predict the enhancement of
the spin dependent electric field resulting from the renormalized spin rotation coupling. The renor-
malization factor of the spin electric field is different from that of the SRC or Zeeman coupling.
The effect of renormalized SRC on spin current and Berry curvature is also studied. Interestingly,
in presence of this SRC induced SOC it is possible to describe spin splitting as well as spin galvanic
effect in semiconductors.
PACS numbers: 72.25.-b, 85.75.-d, 71.70.Ej, 62.25.-g
I. INTRODUCTION
In the study of the spin related phenomenon, the coupling of spin with different parameters is a very important
concept. There exists three different types of coupling i) spin orbit coupling(SOC), ii) Zeeman coupling, iii) spin
rotation coupling (SRC), which have important physical consequences. SOC is the relativistic coupling between the
spin and orbital motion of electron. SOC has an important role in spintronic [1] applications and in spin Hall effect [2].
The Zeeman coupling is the coupling between the spin and the external magnetic field. Interestingly, when we study
the non-inertial effects in the spin system we encounter a different type of coupling, namely spin rotation coupling
[3–5]. This is the coupling between the spin and mechanical rotation. The coupling term is given by ~σ.~Ω, where ~Ω
is the mechanical rotation and ~σ is the Pauli spin matrix. Bernett effect[6], Einstein-de-Haas effect [7] are explained
through this coupling.
The important question in this context is that how can one relate the coupling terms, i.e is it possible to achhive
a SOC like coupling from the SRC like coupling? In search of the answer, if we constrain our rotation frequency
in such a way that the rotation frequency vary with momentum and time, it can be shown that one can generate a
spin orbit coupling (SOC) like term from the spin rotation coupling. Also the spin rotation coupling induced SOC
term is Dresselhaus type [8]. Usually, Dresselhaus effect is very small in systems. Unlike the Rashba [9] coupling,
Dresselhaus coupling is not controllable through the external electric or magnetic field. In our formulation, we can
predict generation of spin dependent electric field through the Dresselhaus like coupling, which is controllable through
mechanical rotation. This can open up a new concept of controllable Dresselhaus like effect in semiconductor structure.
Thus it is really appealing to investigate how this spin dependent electric field, obtained from the SRC induced SOC
term depends on the mechanical rotation.
The achievement of Rashba like spin splitting in accelerating frames is discussed in the recent papers [10–12]. But
the spin splitting through the inertial system is not noted yet. We can explain a Rashba and Dresselhaus like spin
splitting in a inertial system. The beauty of our work is without any external electromagnetic fields we can get k
linear spin splitting in our inertial system i.e the whole phenomena can be discussed through the induced electric and
magnetic fields due to acceleration and rotation respectively. The criteria of large spin splitting can also be obtained
through the acceleration and rotation. In this paper, from the Hamiltonian of a particle of charge e and mass m,
in the non-inertial frame we find out the conditions of achieving spin spitting. Next we try to find out how one can
obtain the spin galvanic effect in this inertial system. Here comes the motivation of our work.
Furthermore, the spin dynamics of semiconductors is influenced by the ~k.~p perturbation theory [13] as the band
structure of a semiconductor in the vicinity of the band edges can be very well described by the ~k.~p method. On
the basis of ~k.~p perturbation theory, by taking into account the interband mixing, one can reveal many characteristic
features related to spin dynamics. In this paper, we theoretically investigate the renormalization of spin electric
field, spin current and Berry curvature in a rotating frame. We know that due to ~k.~p perturbation, the inertial SOC
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2term, Darwin term, SRC terms get modified [14]. Very recently, how the ~k.~p method leads to renormalization of
spin current and polarization, in an accelerated system [10, 11] is discussed in [12]. This motivates us to investigate
whether the spin dependent electric field, spin current and Berry curvature are renormalized in the same way as the
Zeeman coupling /SRC or not.
The outline of the paper is as follows: in section II, we develop the Hamiltonian of our system with which we
proceed further. In sec. III, we discuss how the spin rotation coupling term can generate a SOC term. In sec. IV, we
theoretically derive the spin dependent electric field and also spin and charge currents in the system. In sec. V, we
discuss the renormalization of spin dependent electric field, spin current and Berry curvature due to ~k.~p perturbation.
Section VI deals with the spin splitting, spin Berry phase and spin galvanic effect in the non-inertial system. We
conclude in sec VII.
II. SYSTEM HAMILTONIAN
Let us start by constructing the Dirac equation in a non-inertial frame, following the work of Hehl and Ni[5]. The
essential idea in [5] is to introduce a system of orthonormal tetrad carried by the observer in a non inertial frame.
This induces a non-trivial metric and subsequently one can rewrite the Dirac equation in the observer’s local frame.
The Dirac Hamiltonian in an arbitrary non-inertial frame with linear acceleration and rotation for a charged particle
having charge e is given by [5]
H = βmc2 + c (~α.~p) +
1
2c
[(~a.~r)(~p.~α) + (~p.~α)(~a.~r)] + βm(~a.~r)− ~Ω.(~L+ ~S) (1)
where ~a and ~Ω are respectively the linear acceleration and rotation frequency of the observer with respect to an
inertial frame. (~L = ~r × ~p) and ~S are respectively the orbital angular momentum and spin of the Dirac particle. β,
~α are Dirac matrices. For further calculations in the low energy limit, one has to apply a series of Foldy-Wouthuysen
transformations (FWT) [15, 16] on the Hamiltonian (1 ). The Pauli-Schrodinger Hamiltonian of a Dirac particle for
positive energy solution in the accelerated frame is given as
HFW =
(
mc2 +
~p2
2m
)
+m(~a.~r) +
~
4mc2
~σ.(~a× ~p)− ~Ω.(~r × ~p+ ~S), (2)
where m(~a.~r) is the inertial potential due to acceleration and ~Ω.(~r× ~p) will generate another inertial potential due to
rotation. For further discussion we consider that an electric field is induced by the acceleration of the particle. This
electric field, ~Ea [10, 12, 17] can be written as
~Ea =
m
e
~a = −~∇Va(~r), (3)
where the potential V~a = −me ~a.~r. Also we can consider that the rotation of the frame of reference can induce a
magnetic field as
~BΩ = ~∇× ~AΩ = 2m
e
~Ω, (4)
which have the similar form of the gravitomagnetic field. ~AΩ =
mc
e (
~Ω×~r) is the gauge potential for the magnetic field
induced by rotation. The Hamiltonian in presence of the induced electric and magnetic fields due to inertial effect
can be written as
HFW =
~p2
2m
− eVa(~r)− ~Ω.(~r × ~p)− e~
4m2c2
~σ.
(
~p× ~Ea
)
− e~
4m
~σ. ~BΩ, (5)
where the third term in the r.h.s of Hamiltonian (5) is the coupling term between rotation and orbital angular
momentum. The gauge potential ~AΩ originates from this coupling term. On the other hand, the Zeeman like coupling
term (last term in the r.h.s of (5)) is due to the spin rotation coupling. The forth term in the r.h.s of (5) is the inertial
spin orbit coupling term. The acceleration induced electric field has important contribution on the spin current and
spin polarization [10, 12]. Neglecting the terms with order greater than 1c2 , the Hamiltonian in (5) can be rewritten
in the following form
HFW =
1
2m
(
~p− e
c
~AΩ − µ
2c
~Ea × ~σ
)2
− φI − µ
2
σ. ~BΩ, (6)
3where µ = e~2mc is the magnetic moment of electron and φI = e(Va + φΩ), is the total inertial potential of the system
and φΩ =
m
2e (
~Ω× ~r)2 is the induced potential due to rotation. This Hamiltonian has U(1)⊗ SU(2) gauge symmetry
with U(1) gauge potential Aµ = (φI , ~AΩ) and SU(2) spin gauge potential bµ = (−~σ. ~BΩ2 ,−~σ×
~Ea
2 ). This U(1)⊗SU(2)
gauge theory can explain the charge and spin physics in an unified way. Now considering only the effect of rotation
in an external magnetic field we have
HΩ =
~pi2Ω
2m
− eφΩ − µ~σ. ~B − ~
2
~σ.~Ω. (7)
The last term in the rhs of (7) is the spin rotation coupling term. The rotation can induce a magnetic field term.
Due to the total gauge ~A
′
, induced by the external magnetic field ~B and rotation induced magnetic field ~BΩ, the
momentum ~p is modified by ~piΩ = ~p− e ~A′ = ~~kΩ, where ~A′ = ~A+ ~AΩ and ~kΩ is the modified crystal momentum. The
second term in the rhs of (7), is the potential term. The third term is the standard Zeeman coupling term induced
due to the external magnetic field. In terms of the rotation induced magnetic field, we can write the Hamiltonian in
(7) as,
HΩ =
~pi2Ω
2m
− eφΩ − µ~σ. ~B − µ~σ.
~BΩ
2
. (8)
This form of ~BΩ is similar to the gravitomagnetic field [18], or the Barnett field given by ~Bs =
m
e
~Ω [17]. The difference
of these two fields lies in a factor of 2. The origin of the terms ~AΩ and φΩ is the term ~Ω.(~r× ~p), which is the rotation
orbital angular momentum coupling term. The last term in Hamiltonian (8) is the spin rotation coupling term which
is effectively a Zeeman like term with the external magnetic field replaced by the rotation induced magnetic field.
III. SPIN ROTATION COUPLING INDUCED SOC
Spin rotation coupling and SOC are two different types of coupling, having different origins. Now the interesting
question arises here, is it possible to obtain a SOC term from SRC term? To find out the answer we proceed with the
Hamiltonian in (8), where the last term in r.h.s is the spin rotation coupling term. If one consider a planar rotation
in the momentum space, we can still work with the same Hamiltonian as in (8) and we get a ~k dependent Zeeman
coupling. This ~k dependent Zeeman coupling is not only of theoretical interest, rather experimentally the effect can
be observed in real materials [19]. In ref. [19], the authors give an experimental presentation of ~k dependent Zeeman
splitting in a sample of Sr2RuO4. This gives us the motivation of analyzing the spin rotation coupling to be of ~k
dependent. The induced magnetic field can now be written as
~BΩ(~k, t) = 2
m
e
~Ω(~kΩ, t). (9)
The Hamiltonian thus becomes
HΩ(t) =
(~piΩ)
2
2m
− eφΩ − µ~σ. ~B − e~
4m
~σ. ~B~Ω(
~kΩ, t). (10)
The ~σ. ~B~Ω(
~kΩ, t) term is a spin orbit field and can generate a spin orbit gauge. We can write the rotation frequency
as Ω(~kΩ, t) = |Ω(t)|nˆ(~kΩ), where |Ω(t)| is the magnitude of rotation and the directional property is within the unit
vector nˆΩ(~kΩ). Now on we denote |Ω(t)| as |Ω| for notational simplicity. If we choose the unit vector as nˆ(~kΩ) =
1
|k| (kx,Ω,−ky,Ω, 0), the rotation induced magnetic field is then given by
~BΩ(~kΩ, t) = 2
m
e
|Ω|
|k| (kx,Ω,−ky,Ω, 0), (11)
where |k| = √(kx,Ω)2 + (ky,Ω)2. Inserting (11) in (10), we can rewrite the Hamiltonian as
HΩ =
(~piΩ)
2
2m
− µB~σ. ~B − eφΩ + βΩ(σypiy,Ω − σxpix,Ω). (12)
The last term in (12), reminds us about a well known SOC term, the Dresselhaus SO coupling. The coupling constant
βΩ is Dresselhaus like coupling parameter given by βΩ =
1
2
|Ω|
|k| . Hamiltonian (12), explicitly shows how the spin
rotation coupling term can generate a spin orbit coupling term. The Hamiltonian in (12), can be used to study the
spin splitting and related issues.
4IV. GAUGE FIELD THEORY OF GENERALIZED SOC, SPIN ELECTRIC FIELD AND SPIN
CURRENT
One can rewrite Hamiltonian (12) in presence of the external magnetic field as
HΩ =
1
2m
(
~p− e
c
~A
′ − µ
c
Aσ
)2
− eφΩ − µ~σ. ~B, (13)
where the gauge Aσ = m2ce~ |Ω||k| (σx,−σy, 0). In this calculation we have neglected the terms of O(A2σ). This Hamiltonian
has U(1) ⊗ SU(2) gauge symmetry with U(1) gauge potential Aµ′ = (A0′ , ~A′) and SU(2) gauge aµ = (a0,~a) =
(−~σ. ~B, ~Aσ), where A0′ = −φΩ. In terms of the gauge potentials the Hamiltonian (13) can be written as
HΩ =
1
2m
(
~p− e ~A′ − µ
c
~a
)2
+ eA0′ + µ
c
a0. (14)
If we consider that the external magnetic field is acting in the z direction, then the curvature term corresponding to
the SU(2) gauge field is given by
Fµν = ∂µaν − ∂νaµ − ie
c~
[aµ, aν ], (15)
where µ, ν = t, x, y, z are the space time coordinates. As the SU(2) vector potential aµ is non-Abelian in nature, to
find out the curvature term, we have to consider the non commutative contribution of different components of vector
potentials.
We can directly write the Berry curvature (only z component exists) as
Mz = ∂xay − ∂yax − ie~ [ax, ay]
= −2c
3m4
e~3
Ω2
k2
σz. (16)
The expression shows the dependence of the rotation frequency on Berry curvature in a rotating frame. This Berry
curvature allows one to manipulate electrons in a spin dependent way. We can explain the spin filter using this z
component of the Berry curvature. In [20], a perfect spin filter is achieved from the interplay of Aharonov Casher(AC)
phase due to Rashba SOC and Aharonov Bohm (AB) phase due to the external magnetic field. From (16), it is
evident that the spin up and spin down electrons feel equal but opposite transverse magnetic fields and the AC phases
experienced by them are also different. But AB phase is the same for both electrons. Similar to Hatano et al in [20],
we can also predict a perfect spin filter in a rotating frame following the same argument. In [12], authors explain this
kind of spin filter in an accelerating frame.
Our next job is to find out the spin dependent electric field from the temporal part of the field tensor. We rather
want to investigate the variation of the spin dependent electric field with rotation. The electric part of the field tensor
can be obtained as
Ei = F i0 = ∂ia0 − ∂0ai − ie
c~
[ai, a0]. (17)
The x component of this electric field is as follows
Ex = − cm
2
e~|k|
∂|Ω|
∂t
σx +
im2
~2
|Ω|
|k|B
z [σx, σz] . (18)
Using the commutation relation between the Pauli matrices we can write
Ex = −c
2m2
e~|k|
∂|Ω|
∂t
σx +
2m2c
~2
|Ω|
|k|B
zσy (19)
and the spin dependent part of the x component of electric field as
Eσx = −
2im2
~2
|Ω|
|k|B
zσz = −Eσz (20)
5and similarly the y component of this electric field is
Eσy =
2im2
~2
|Ω|
|k|B
zσz = Eσz, (21)
where E = 2im2~2 |Ω||k|Bz. Or we can write
Eσi = ∓ijz
2im2
~2
|Ω|
|k|B
z. (22)
Here ∓ sign corresponds to the electron having spins parallel and anti-parallel to z axis. Thus this effective spin
dependent electric field, results in a spin separation along z direction. This generates a spin current. Obviously the
spin dependent part of the electric field i.e the Yang mills electric field is proportional to the absolute value of the
rotation frequency and the applied magnetic field Bz. That is we can control the motion of spins by controlling the
rotation. The spin independent part of this electric field
E0 = cm
2
e~|k|
∂|Ω|
∂t
. (23)
This spin independent part of the electric field depends on the time variation of rotational frequency.
The spin dependent electric field can generate spin currents [21]. The total current of the system can be written as
a product of spin conductance and the corresponding emf. as
jσi =
~ζ. ~E ′ = [ζ0I + ζs(ρ.σ)].[E0I + Eσi )], (24)
where ~ρ is the spin polarization axis and ~ζs is the spin conductance. Thus assuming the polarization axis is along z
direction, the total current can be written as
jx = [ζ0I + ζsσ
z].[E0I + (−E)σz]
=
(
ζ0~E0 − ζsE
)
I +
(
ζs~E0 − ζ0E
)
σz
=
(
ζ0
cm2
e~|k|
∂|Ω|
∂t
− ζs 2im
2
~2
|Ω|
|k|B
z
)
I +
(
ζs
cm2
e~|k|
∂|Ω|
∂t
− ζ0 2im
2
~2
|Ω|
|k|B
z
)
σz
= jcxI + j
s
xσ
z (25)
where
jcx = ζ0
m2
e~|k|
∂|Ω|
∂t
− ζs 2im
2
~2
|Ω|
|k|B
z (26)
is the charge current and
jsx = ζs
cm2
e~|k|
∂|Ω|
∂t
− ζ0 2im
2
~2
|Ω|
|k|B
z (27)
is the spin current of the system in the x direction and it varies with mechanical rotation. If we switch off the rotation,
the spin current as well as charge current vanishes. Importantly, the term ζsE drives the charge current, whereas ζsE0
drives the spin current. The spin dependent electric field generates as a consequence of spin rotation coupling induced
SOC and can induce not only a spin current, but also a charge current in the system. This effect is known as inverse
spin Hall effect [22].
V. RENORMALIZATION EFFECT ON SPIN DEPENDENT ELECTRIC FIELD, SPIN CURRENT AND
BERRY CURVATURE
The spin dynamics of the semiconductors are influenced by the ~k.~p perturbation theory [13] as the band structure
of a semiconductor in the vicinity of the band edges can be very well described by the ~k.~p method. On the basis of
~k.~p perturbation theory, by taking into account the interband mixing, one can explain many characteristic features
of semiconducting system . It is well known that due to ~k.~p perturbation, the spin orbit coupling as well as Zeeman
6coupling get renormalized. In a rotating as well as accelerated frame the conventional ~k.~p method can be generalized
with the modified momentum kΩ, where ~piΩ = ~p− e ~A′ = ~~kΩ, where ~A′ = ~A + ~AΩ. The ~k.~p perturbed Hamiltonian
for the inertial system [13] is given as
Hkp =
P 2
3
(
2
EG
+
1
EG +40
)
~k2Ω −
P 2
3
(
1
EG
− 1
(EG +40)
)
e
~
~σ. ~B
− P
2
3
(
1
EG
− 1
(EG +40)
)
e
~
~σ. ~BΩ − eP
2
3
(
1
E2G
− 1
(EG +40)2
)
~σ.(~kΩ × ~Ea) (28)
Adding Hamiltonian (28) and (5) we get the total Hamiltonian for the inertial system within the ~k.~p formulation as
[12, 14]
HΩ,kp =
~pi2Ω
2m∗
− φI − (1 + δg
2
)µ~σ. ~B − (1 + δg)µ~σ.
~BΩ
2
− e(λ+ δλ)~σ.(~kΩ × ~Ea), (29)
where φI = e(Va + φΩ), the total potential of the system and λ =
~2
4m2c2 is the spin orbit coupling strength as
considered in vacuum. Furthermore, the perturbation parameters δg and δλ are given by
δg = −4m
~2
P 2
3
(
1
EG
− 1
EG +40
)
δλ = +
P 2
3
(
1
E2G
− 1
(EG +40)2
)
(30)
are the renormalization parameter for the Zeeman coupling term and spin orbit coupling terms respectively. 1m∗ =
1
m +
2P 2
3~2
(
2
EG
+ 1EG+40
)
is the effective mass term. Here P,EG,40 are the Kane momentum matrix element, band
gap energy and the spin orbit gap parameter respectively, together known as the Kane model parameters [13]. Due
to this renormalization, we try to find out the renormalization of the rotation induced spin dependent electric field
and spin current. In order to calculate that, we write the Hamiltonian, considering only the rotation induced terms
as
HΩ,kp =
1
2m∗
(
~p− e
c
~A
′ − µ
c
Aσ,kp
)2
− eφΩ − (1 + δg
2
)µ~σ. ~B, (31)
Here the corresponding gauge is Aσ,kp = (1+δg) (m
∗)2c2|Ω|
e~|k| (σx,−σy, 0), which suggests the renormalization of the spin
dependent gauge. Following the methodology used in the previous section, we can evaluate the x component of this
electric field for the modified SU(2) gauge aµ = (a0kp,~akp) = (−(1 + δg2 )~σ. ~B,Aσ,kp) as
Ex,kpσx = −(1 + δg)c(m
∗)2
e~|k|
∂|Ω|
∂t
− (1 + δg
2
)(1 + δg)
2i(m∗)2
~2
|Ω|
|k|B
zσz. (32)
The x component of the spin dependent part of the electric field is
Eσx,kp = −(1 +
δg
2
)(1 + δg)
2i(m∗)2
~2
|Ω|
|k|B
zσz (33)
and similarly the y component of this spin electric field is
Eσy,kp = (1 +
δg
2
)(1 + δg)
2i(m∗)2
~2
|Ω|
|k|B
zσz. (34)
The spin contribution of this electric field in x and y direction are given by
Eσx,kp = −(1 +
δg
2
)(1 + δg)
2i(m∗)2
~2
|Ω|
|k|B
zσz = −Ekpσz, (35)
and
Eσy,kp = (1 +
δg
2
)(1 + δg)
2i(m∗)2
~2
|Ω|
|k|B
zσz. (36)
7Upto first order of δg we can write the x component of the spin electric field as
Eσx,kp = −(1 +
3
2
δg)
2i(m∗)2
~2
|Ω|
|k|B
zσz. (37)
In tensorial form we can write
Eσi,kp = ∓ijz(1 +
3
2
δg)
2i(m∗)2
~2
|Ω|
|k|B
z. (38)
The rotation induced spin electric field is then renormalized by a factor (1 + 32δg). For a solid, having the spin orbit
gap parameter equals to zero, we get no contribution for the ~k.~p perturbation. The ratio of the spin dependent electric
field with and without the ~k.~p perturbation can be obtained as
|E
σ
i,kp
Eσi
| ∝ (1 + 3
2
δg), (39)
where i = x, y. Here it is evident from our result that similar to the renormalization of SRC and Zeeman term, spin
electric field is also renormalized. But the prefactor is different from the two types of coupling. This is an important
result of our work.
Due to the application of ~k.~p perturbation, the spin current is also renormalized. The expression of the total current
can be readily obtained from (25) as
jx,kp = [ζ0I + ζsσ
z].[E0,kpI + (−Ekpσz)]
=
(
ζ0~E0,kp − ζsEkp
)
I +
(
ζs~E0,kp − ζ0E
)
σz
=
(
ζ0(1 + δg)
cm2
e~|k|
∂|Ω|
∂t
− ζs(1 + 3
2
δg)
2im2
~2
|Ω|
|k|B
z
)
I +
(
ζs(1 + δg)
cm2
e~|k|
∂|Ω|
∂t
− ζ0(1 + 3
2
δg)
2im2
~2
|Ω|
|k|B
z
)
σz
= jcx,kpI + j
s
x,kpσ
z (40)
where
jcx,kp = ζ0(1 + δg)
cm2
e~|k|
∂|Ω|
∂t
− ζs(1 + 3
2
δg)
2im2
~2
|Ω|
|k|B
z (41)
and
jsx,kp = ζs(1 + δg)
cm2
e~|k|
∂|Ω|
∂t
− ζ0(1 + 3
2
δg)
2im2
~2
|Ω|
|k|B
z (42)
are the modified charge and spin current in the x direction i.e the charge and spin current are renormalized.
Next we investigate the renormalization of Berry curvature in presence of ~k.~p method and the expression of the
Berry curvature can be evaluated as
Mz,kp = −2c
3(m∗)4
e~3
|Ω|2
|k|2 (1 + 2δg)σ
z, (43)
where the terms upto first order of δg, are retained. Then the ratio of the Berry curvature, with and without ~k.~p
method is given as
Mz,kp
Mz
∝ (1 + 2δg). (44)
Thus we noticed that due to ~k.~p perturbation the spin electric field, spin current and Berry curvature are renormalized
differently. This shows that the spatial and temporal parts of the field tensor are modified differently due to ~k.~p
perturbation. In [14], the renormalization of SRC is discussed, which is proportional to (1 + δg), whereas that for the
spin electric field is (1 + 32δg) and Berry curvature is (1 + 2δg). This is one of our main result. Importantly, the spin
dependent electric field, spin current and Berry curvature depends on the mechanical rotation. Thus by controlling
the rotation frequency, one can control the spin electric field, spin current externally. This could be very useful in the
area of spintronic applications.
8VI. INERTIAL EFFECT ON SPIN SPLITTING, SPIN BERRY PHASE, SPIN GALVANIC EFFECT
To discuss the spin splitting scenario, we start from the Hamiltonian in both accelerated and rotated frame of
reference. The Hamiltonian in presence of the induced electric and magnetic fields due to inertial effect can be written
as
H =
~p2
2m
− eVa(~r)− ~Ω.(~r × ~p)− e~
4m2c2
~σ.
(
~p× ~Ea
)
− e~
4m
~σ. ~BΩ, (45)
where the third term in the r.h.s of Hamiltonian (5) is the coupling term between rotation and orbital angular
momentum. The gauge potential ~AΩ originates from this coupling term. On the other hand the Zeeman like coupling
(last term in the r.h.s of (45)) is due to the spin rotation coupling. The forth term in the r.h.s of (45) is the inertial spin
orbit coupling term. The acceleration induced electric field has important contribution on the spin current and spin
polarization which is explained in reference [10, 12]. Neglecting the terms with order greater than 1c2 , the Hamiltonian
in (45) can be rewritten in the following form
H =
1
2m
(
~p− e
c
~AΩ − µ
2c
~Ea × ~σ
)2
− φI − µ
2
σ. ~BΩ, (46)
where µ = e~2mc is the magnetic moment of electron and φI = e(Va + φΩ), is the total inertial potential of the system
and φΩ =
m
2e (
~Ω× ~r)2 is the induced potential due to rotation and ~AΩ is the gauge of this induced magnetic field.
We first try to find out the relation between the spin rotation coupling with the Berry phase [23]. Next we
theoretically develop the idea of spin galvanic effect in an inertial frame and try to find out which contributions in
the spin splitting is favorable, acceleration or rotation.
A. Inertial SOC , spin splitting and Berry phase
In the presence of the magnetic field ~B, the Zeeman term splits the spin of degenerate energy ↑ and ↓, the spins of
which are pointing in opposite directions with respect to the direction of the magnetic field. The difference of energy
4 = ↑ − ↓ is usually proportional to the magnetic field strength and is known as the Zeeman spin splitting energy.
In the previous sections, we have achieved two different coupling terms, similar to the Rashba and Dresselhaus terms
[13]. The Hamiltonian in terms of this two different coupling due to inertial effects when we consider the electric field
is along the z direction can be written as
H =
~2~k2Ω
2m
+ αa(kx,Ωσy − ky,Ωσx) + βΩ(σyky,Ω − σxkx,Ω), (47)
where the αa = λEa,z, is the Rashba like coupling parameter appears in an accelerating system. The knowledge of
the relative strength of Rashba and Dresselhaus like terms is important for investigations of different spin dependent
phenomena in our inertial system. Interestingly we found that unlike to the original Dresselhaus effect, in our system
we can externally control the Dresselhaus like spin splitting through rotation. Thus in our inertial system we can
produce a large spin splitting by increasing acceleration and rotation externally.
The dispersion relation for the Hamiltonian in (47) can be obtained as
±(~k±) =
~2~k2±
2m
± ~k±
√
α2a + β
2
Ω + 2αaβΩcos2φ, (48)
where ~k± = kx ± iky. The dispersion relation can be rewritten as
±(~k±) =
~2~k2±
2m
± k±η(a,Ω, φ), (49)
where φ is the angle between k with the x axis and η(a,Ω, φ) =
√
α2a + β
2
Ω + 2αaβΩcos2φ. The two bands only meet
at k = 0 point. The difference between the energy of up branch and down branch is known as the spin split energy
and given by
+ − − = 2m~2 η(a,Ω, φ), (50)
9which is independent of ~k. For small ~k the second term in (49) is the dominated term. Usually in Rashba coupling
one get a ring of minima for the brunch −(~k±). In our case we can write the minimum value as
−(~k±) = −mη
2(a,Ω, φ)
2~2
. (51)
Here the minima occurs at
km =
mη(a,Ω, φ)
~2
(52)
The quantum density of spin can be given by
Nm =
(2km)
2
4pi
=
m2
pi~4
η2(a,Ω, φ). (53)
Now if the total density of electron is greater than the quantum density we only have the lower sub-band occupied.
The total 2D density of the system Ns can be written as the sum of the unequal populations N± as
Ns = N+ +N− (54)
N± =
k2F±
4pi
, (55)
where kF± are the Fermi wave vectors of the spin split branches. Now the Fermi energy in terms of total density Ns
can be written as
EF =
piNs~2
m
− m(η
2(a,Ω, φ))
~2
(56)
Thus we can give the expression of the population of the spin-split brunch as
N± =
Ns
2
∓ (η(a,Ω, φ))m
2
2~4pi
√
2pi~4
m2
Ns − (η(a,Ω, φ))2 (57)
From the above eqns we can find out the value of η(a,Ω, φ) as
η(a,Ω, φ) =
~2
2m
(kF+ − kF−). (58)
Lastly the density of states can be obtained for our inertial system when E ≥ 0 as
D± =
m
2pi~2
1∓ η(a,Ω, φ)√
2pi~2
m E + η
2(a,Ω, φ)
 , (59)
and for E < 0 we have
D− =
m
pi~2
 η(a,Ω, φ)√
2pi~2
m E + η
2(a,Ω, φ)
 . (60)
Thus we can easily see that the density of state becomes singular when E = −, i.e the V anHove singularity can also
be achieved for our inertial system, without the application of the external fields. The eigenstates of Hamiltonian
(46) will also be the eigenstate of wave vector ~k and is given as
|k+,+, θ〉 = 1√
2
(
e−iθ
+i
)
⊗ |k+〉, |k−,−, θ〉 = 1√
2
(
e−iθ
−i
)
⊗ |k−〉, (61)
where |k〉 is the eigenstate of ~k and the parameter θ is given by
tanθ =
αaky − βΩkx
αakx − βΩky . (62)
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With the help of the eigenkets in equn. (61), we can find out the Berry phase for this inertial system. Thus the spin
Berry phase in terms of the Rashba and Dresselhaus like coupling parameter can be written as
γ± =
∮
dl.
〈
k±,±, θ|i ∂
∂k
|k±,±, θ
〉
=
α2a − β2Ω
|α2a − β2Ω|
pi. (63)
The Berry phase [23] plays a very important role in electron transport. It is clear from (63) that the Berry phase
is zero for |αa| = |βΩ| i.e when ~24emc2 |az| = |Ω|2|k| or |az| = 2emc
2
~2|k| |Ω|. The vanishing Berry phase at |az| = 2mec
2
~2|k| |Ω|
is relevant to the crossover of two energy bands. When |az| 6= 2mec2~2|k| |Ω| we have non vanishing Berry phase. In this
regard another important aspect is obtained when we add an external electric field with vanishing rotation. In this
case the Hamiltonian can be obtained as
H =
~2~k2
2m
+ (α− αa)(kyσx − kxσy). (64)
For a critical value of acceleration i.e when we have me az = Ez, we can show that the ring of minima converge to a
point. We call this acceleration as the critical acceleration. Thus in presence of both the acceleration and external
electric field, at critical acceleration we don’t get any spin split part at Ω = 0. But if we have both the rotation term
and external magnetic field, the electric field acting on the particle gets modified due to the presence of rotation [17].
The Rashba like and Dresselhaus like spin splitting due to the acceleration and rotation, results different patterns
in the ~k space. Next we try to distinguish the relative contributions of acceleration and rotation induced SO coupling.
This can be done by the spin galvanic effect [24].
B. Inertial spin galvanic effect
The spin galvanic effect(SGE) is due to the non-equilibrium but uniform population of electron spin. This non-
equilibrium spin injection can be done optically or by non-optical means. The origin of this effect is the shift of spin-up
and spin down electrons in the momentum space and the spin flip scattering events between the two sub-bands. In
this case it is possible to measure the anisotropic orientation of spins in the momentum space and hence the different
contribution of the Rashba and the Dresselhaus terms [25]. The spin galvanic effect states that as the asymmetric
spin levels are split, with one spin orientation favored, an excitation can cause electrons to reverse spin, creating a
charge current along the x-y plane. The direction of this charge current depends on the spin polarization within the
lattice. From the Hamiltonian (12), the total current can be determined as a function of the spin polarization along
the surface. The SGE current jSGE and the average spin are related by a second rank pseudo-tensor with components
proportional to the parameters of spin-orbit splitting as follows [25]
jSGE = A
(
βΩ −αa
αa βΩ
)
S (65)
where S is the average spin in the plane and A is a constant determined by the kinetics of the SGE, namely by the
characteristics of momentum and spin relaxation processes. Unlike the usual cases, we have here two inertial spin
orbit coupling strengths coming as a consequence of SOC terms due to acceleration and the spin rotation coupling
effect. The spin galvanic current in (65) can be rewritten in terms of the acceleration and rotation as
jSGE = A
( |Ω|
2|k| − ~
2
4mec2 az
~2
4mec2 az
|Ω|
2|k|
)
S (66)
Eqn. (66) helps one to find out the ratio of αa and βΩ or the ratio of acceleration and rotation. The spin galvanic
current can be decomposed into the current duo to Rashba like term and Dresselhaus like term ja and ~jΩ proportional
to the αa and βΩ term. From symmetry, ~ja is perpendicular to average spin ~S, whereas ~jΩ makes an angle 2Ψ with
~S, where Ψ is the angle between ~S and the x axis. Thus one can find out the spin galvanic currents in terms of
the coupling terms due to acceleration and rotation. The absolute value of the total current jSGE is given by the
expression
jSGE =
√
j2a + j
2
Ω − 2jajΩsin2Ψ (67)
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Now suppose the average spin vector is oriented along the x axis, then we have angle Ψ = 0. Thus from (67), we have
~ja and jΩ are directed perpendicular and parallel to ~S, respectively. The ratio of the currents in the x and y direction
is can be obtained
jy
jx
=
αa
βΩ
, (68)
or interestingly
az
|Ω| ∝
jy
jx
. (69)
The above ratio gives us the ratio of acceleration to rotation. Thus controlling the two inertial parameters we
can control the charge current flowing through the system. Interestingly, this ratio is an important ingredient to
understand whether acceleration or rotation contribution is dominating. We should mention here that for different
orientation of ~S we get different value of this ratio. Thus without any external fields we are successful to produce
charge current from the k linear terms of the Hamiltonian, due to inertial effects.
VII. CONCLUSION
In the present paper, we theoretically derive the expression of spin rotation coupling induced spin dependent electric
field in a rotating system. SRC plays a very important role in achieving a SOC like coupling, from which we can find
out the spin electric field for our system. Furthermore, from the rotation induced SOC term, one can achieve the
expression of spin current and Berry curvature for the rotating system. In addition to that, by taking into account the
interband mixing, using the eight band Kane model we study the renormalization of the spin dependent electric field,
spin current and Berry curvature. Due to the application of ~k.~p method, where the spin electric field is modified by
the factor (1 + 32δg), the Berry curvature modifies as (1 + 2δg). Interestingly, we find that the spin electric field, Berry
curvature as well as spin current are renormalized differently from the well known coupling terms(Zeeman, SRC) due
to presence of different prefactor of δg. Furthermore, the effect of rotation on Berry phase as well as spin splitting is
investigated. One can also explain inertial spin galvanic effect from the interplay of acceleration and rotation induced
coupling constant. The ratio of the acceleration induced Rashba like and rotation induced Dresselhaus like coupling
can be obtained as well.
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